Zietak M, Kozak LP. Bile acids induce uncoupling protein 1-dependent thermogenesis and stimulate energy expenditure at thermoneutrality in mice. Am J Physiol Endocrinol Metab 310: E346 -E354, 2016. First published December 29, 2015; doi:10.1152/ajpendo.00485.2015.-It has been proposed that diet-induced obesity at thermoneutrality (TN; 29°C) is reduced by a UCP1-dependent thermogenesis; however, it has not been shown how UCP1-dependent thermogenesis can be activated in the absence of sympathetic activity. A recent study provides such a mechanism by showing that dietary bile acids (BAs) suppress obesity in mice fed a high-fat diet (HFD) by a mechanism dependent on type 2 deiodinase (DIO2); however, neither a role for UCP1 nor the influence of sympathetic activity was properly assessed. To test whether the effects of BAs on adiposity are independent of Ucp1 and cold-activated thermogenesis, obesity phenotypes were determined in C57BL6/J. ϩ / ϩ (WT) and C57BL6/J.Ucp1. Ϫ / Ϫ mice (Ucp1-KO) housed at TN and fed a HFD with or without 0.5% (wt/wt) cholic acid (CA) for 9 wk. CA in a HFD reduced adiposity and hepatic lipogenesis and improved glucose tolerance in WT but not in Ucp1-KO mice and was accompanied by increases in food intake and energy expenditure (EE). In iBAT, CA increased Ucp1 mRNA and protein levels 1.5-and twofold, respectively, and increased DIO2 and TGR5 protein levels in WT mice. Despite enhanced Dio2 expression in Ucp1-KO and Ucp1-KO-CA treated mice, this did not enhance the ability of BAs to reduce obesity. By comparing the effects of BAs on WT and Ucp1-KO mice at TN, our study showed that BAs suppress diet-induced obesity by increasing EE through a mechanism dependent on Ucp1 expression, which is likely independent of adrenergic signaling.
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brown adipose tissue; diet-induced obesity; mitochondrial uncoupling protein 1; bile acids; thermogenesis; type 2 deidodinase IN MICE, A MAJOR MECHANISM for maintaining body temperature in a cold environment involves induction of uncoupling protein 1 (UCP1)-dependent thermogenesis in brown adipose tissue (BAT) (7) . The consequence of this increase in energy expenditure (EE) is increased oxidation of lipid stores in the body with overall reductions in adipose tissue fat stores. Most of this enhanced thermogenesis in the cold is mediated by sympathetically activated thermogenesis by BAT (4), (10) . It has been reported that dietary bile acids (BAs) suppress the development of diet-induced obesity by a mechanism in which BAs activate the type 2 deiodinase (DIO2) pathway through the G-coupled receptor TGR5 (GPR131 or GpBAR1; a G protein-coupled plasma membrane receptor for BAs) (27) . DIO2 was implicated in the mechanism through the use of Dio2-KO (Dio2-knockout) mice, which were resistant to the weight-reducing effects of BAs (27) . However, since the expression of Ucp1 in the Dio2-KO mouse is nearly normal, consistent with the observation that the Dio2-KO mice show only a slight sensitivity to cold exposure (8, 9) , and the study was conducted at an undefined ambient temperature, the role of UCP1 in this thermogenic mechanism of BA actionwas unclear.
In this study, we investigated the effects of BA on dietinduced obesity in the Ucp1-KO mouse. Furthermore, by performing the experiments at thermoneutrality (TN), we were able to assess the involvement of thermogenic mechanisms that are independent of cold-activated adrenergic signaling. We have found that the lack of suppression of diet-induced obesity in the Ucp1-KO mouse by BAs supports a role for UCP1-based thermogenesis in the weight-reducing effects of BAs. Furthermore, the induction of Ucp1 by BAs at TN in wild-type (WT) mice at levels comparable with the ␤ 3 -adrenegic receptor agonist CL-316243 suggests that the activation of thermogenic mechanism at TN is independent of the sympathetic nervous system.
MATERIALS AND METHODS
Animal experiments. Breeding colonies of C57BL/6J (B6) were purchased from The Jackson Laboratory (Bar Harbor, ME). Ucp1 Ϫ / Ϫ (Ucp1-KO) mice on a C57BL/6J genetic background were generated from heterozygous breeding pairs maintained in our colony. All Ucp1-KO and Ucp1-WT mice were 8-wk-old males. They were group housed at an ambient temperature of 29°C and fed ad libitum a high-fat diet (HFD; 58% of energy in kcal comes from fat; AIN-76A, Test Diet) or HFD supplemented with 0.5% (wt/wt) cholic acid (CA) for 9 wk. The animal experiments and protocols were approved by the Local Committee for the Ethical Treatment of Experimental Animals of Warmia-Mazury University (NR 38/2011), Olsztyn, Poland. Phenotype of energy balance. Body weight (BW) and body composition were measured at different time points, as indicated in the experimental protocol. Body composition was determined by nuclear magnetic resonance (Bruker). Adiposity index (AI) was calculated as the ratio of fat mass (FM) to lean mass (LM). Energy content of FM and LM measured in grams (g) was expressed in kilojoule (kJ) and calculated as 4.18 kJ/kcal ϫ 9 kcal/g of FM or 4 kcal/g of LM, respectively. Food intake was measured on a weekly basis and expressed as the amount of energy in kJ. Total energy expenditure (TEE) was estimated according to Ravussin et al. (21) .
Glucose tolerance test. Glucose tolerance test (GTT) was performed on mice that were fasted for 4 h and injected intraperitoneally with 20% glucose solution (2 mg/g BW). Blood glucose levels from the tail vein were measured at baseline, 20, 40, 60, 90, and 120 min by using an Accu-Chek glucometer (Roche Diagnostics).
Biochemical analysis. Plasma concentrations of triacylglycerol, total cholesterol, and HDL and the enzyme activity of alanine transaminase were measured by the Pentra C200 Clinical Chemistry Analyzer (Horiba Medical). To calculate the values for non-HDL fraction, HDL was subtracted from total cholesterol (non-HDL ϭ TC Ϫ HDL).
RNA isolation and quantitative real-time PCR. Total RNA was isolated from homogenized interscapular BAT (iBAT), liver, and intestine using TRI reagent per the manufacturer's directions (Molecular Research Centre). Isolated RNA was protected from RNase degradation by treatment with SUPERase-In (Applied Biosystems). Quantity of isolated RNA was assessed by a NanoDrop1000 spectrophotometer (Thermo Scientific). Total RNA (6 ng) was used as a template for quantitative real-time PCR (qRT-PCR) reaction. The analysis was performed using a TaqMan one-step PCR master mix reagents kit on an ABI Prism 7900 HT Sequence Detection System (Applied Biosystems). All samples were run in duplicate and normalized to the reference gene cyclophilin B. Probe and primer sequences are available upon request.
Western blot analysis. Western blot analysis was performed according to Xue et al. (31) . Blots were incubated overnight with primary antibodies against UCP1 (rabbit anti-UCP1, 1:500, sc-6529; Santa Cruz Biotechnology), TGR5 (goat anti-TGR5 1:500, sc-48687; Santa Cruz Biotechnology), DIO2 (rabbit anti-DIO2, 1:250, ab135711; Abcam), voltage-dependent anion channel 1 (VDAC1; goat anti-VDAC1, 1:250, sc-32063; Santa Cruz Biotechnology), cytochrome c oxidase IV (COX-IV; mouse anti-COX-IV were used to detect specific antibody-antigen complexes. Specific bands were visualized and quantified using the Odyssey imaging system (Li-Cor) and normalized against ␤-actin, which served as an internal loading control.
Histology. iBAT and inguinal (ING) fat were fixed in 6% formalin. The paraffin-embedded sections were stained with hematoxylin-eosin for morphological examination. Cell size measurement of ING fat was determined using Cell Sens Software with the BX43 microscope (Olympus).
Statistics. Statistical analyses were performed by two-way ANOVA with Bonferroni's multiple test when two or more groups were compared or by using Student's t-test and Mann-Whitney test for comparisons of two groups, as appropriate. Data are expressed as means Ϯ SE. Differences with P Ͻ 0.05 were considered significant. Data analyses were conducted using Graph Pad Prism 6.0 statistical software.
RESULTS

BAs and energy balance phenotypes.
WT mice fed a HFD supplemented with cholic acid (WT ϩ CA vs. WT) showed a significant reduction in BW over a 9-wk period that was due to reduced FM and LM (BW P Ͻ 0.01, FM P Ͻ 0.001, LM P Ͻ 0.01) (Fig. 1, A-C) . The AI (Fig. 1D ) of mice fed a HFD with CA is comparable with that found in mice fed a chow diet (27) . The increase in food intake in WT mice in which dietary CA reduced adiposity (Fig. 1E ) translated into increased TEE (Fig.  1F) . Consistent with the reduced adiposity and increased EE, dietary CA improved glucose tolerance (Fig. 1, D 
, F, and G).
These results suggest that dietary CA suppressed HFD-induced adiposity in WT mice at TN, and the improved glucose metabolism is consistent with previous results obtained at undefined ambient temperature (14) .
To assess whether Ucp1 is required for the suppression of diet-induced obesity by CA at TN, we determined the effects of CA on the adiposity phenotype in WT and Ucp1-KO mice fed a HFD. CA did not significantly suppress BW, FM, or AI in Ucp1-KO mice (Ucp1-KO vs. Ucp1-KO ϩ CA; Fig. 2, A, B , and D), and their body composition was indistinguishable from that of WT mice fed a HFD (Fig. 2, A, B, and D) . On the other hand, CA significantly reduced LM in Ucp1-KO mice, but not as strongly as that which occurred in WT mice fed CA (P Ͻ 0.01; Fig. 2C ). In summary, Ucp1-KO, Ucp1-KO ϩ CA, and WT mice were indistinguishable from each other with respect to BW, FM, and AI (Fig. 2, A-D) . CA treatment led to greater loss in BW (P Ͻ 0.05), FM (P Ͻ 0.05), LM (P Ͻ 0.01), and adiposity (P Ͻ 0.05) in WT ϩ CA mice compared with Ucp1-KO ϩ CA mice (Fig. 2, A-D) throughout the experiment. The inability of CA to block diet-induced obesity in Ucp1-KO mice together with lower food intake further supports the interpretation that CA acts by activating UCP1-based nonshivering thermogenesis (Fig. 2E ). In parallel with food intake data, TEE was significantly higher in WT ϩ CA than in Ucp1-KO ϩ CA, Ucp1-KO, or WT mice (P Ͻ 0.01; Fig. 2F ). Glucose tolerance was improved in WT ϩ CA compared with Ucp1-KO ϩ CA mice (Fig. 2G ). In addition, CA improved glucose tolerance in Ucp1-KO mice, as indicated by area under the curve (P Ͻ 0.05; Fig. 2H ).
BAs and the thermogenic program. Histology of iBAT depots in WT mice fed a HFD at TN showed adipocyte tissue morphology resembling that of a typical white fat depot (compare Fig. 3 , A and E). The increased adipocyte size in iBAT of Ucp1-KO mice fed a HFD is consistent with the reduced EE in iBAT of these mice (Figs. 2F and 3C). WT mice fed a HFD with CA compared with WT and Ucp1-KO mice possessed multilocular adipocytes with small lipid droplets (Fig. 3, A and  B) . CA treatment in Ucp1-KO mice failed to increase thermogenic activity of iBAT, as was evident from the larger lipid vesicles characteristic of thermogenically quiescent brown fat (Fig. 3, C and D) . iBAT morphology of Ucp1-KO ϩ CA resembles that found in Ucp1-KO (10) . ING fat of WT and WT ϩ CA, but especially WT ϩ CA mice (Fig. 3, E and F) , showed unilocular morphology with smaller lipid droplets than Ucp1-KO and Ucp1-KO ϩ CA mice (Fig. 3, G and H) , which was consistent with reduced AI in WT ϩ CA mice (Fig. 2D) .
To assess whether BAs are able to induce UCP1-based thermogenesis at TN, functional biomarkers associated with the thermogenic program in iBAT and ING were determined. As expected, Ucp1-KO and Ucp1-KO ϩ CA mice had no detectable Ucp1 mRNA, whereas CA induced Ucp1 mRNA and protein levels in WT mice for iBAT and ING, respectively (Fig. 4A) . Dio2 mRNA levels in brown adipocytes were not changed in WT ϩ CA and Ucp1-KO ϩ CA compared with WT and Ucp1-KO mice (Fig. 4B) . Despite enhanced expression of Dio2 and peroxisome proliferator-activated receptor-␥ coactivator-1␣ (Pgc1a) in iBAT of Ucp1-KO and Ucp1-KO ϩ CA mice compared with WT and WT ϩ CA, the changes did not reach the statistical significance (Fig. 4, B and C) . Expression of fibroblast growth factor 21 (Fgf21) in iBAT was much higher in Ucp1-KO ϩ CA compared with WT ϩ CA mice (P Ͻ 0.05; Fig. 4D ). Accordingly, the enhanced expression of these regulatory factors of iBAT thermogenesis in Ucp1-KO mice did not lead to any UCP1-independent mechanism of thermogenesis driven by BAs.
Immunoblots showed a twofold increase in UCP1 and DIO2 protein in WT ϩ CA compared with WT mice (P Ͻ 0.01; Fig.  4 , E and F), but no differences in DIO2 protein levels were observed between Ucp1-KO and Ucp1-KO ϩ CA mice (Fig.  4F) . The induction of DIO2 in iBAT was accompanied by increased TGR5 protein levels in WT ϩ CA vs. WT mice, but no induction of TGR5 occurred in Ucp1-KO ϩ CA vs. Ucp1-KO (Fig. 4G) . CA did not affect the levels of mitochondrial markers VDAC1 and COX-IV in brown adipocytes; nonetheless, Ucp1-KO mice had decreased COX-IV protein levels compared with WT mice (Fig. 4, H and I) . The selected subunits of the mitochondrial respiratory complexes (RCs) in iBAT showed higher levels of RC II (P Ͻ 0.05) and RC IV (P Ͼ 0.05) in WT ϩ CA than in Ucp1-KO ϩ CA mice, and RC V protein expression was increased for Ucp1-KO mice and Ucp1-KO ϩ CA compared with WT and WT ϩ CA mice (Fig. 4J) .
To identify the signaling pathway for induction of Ucp1 expression in response to CA, we assessed the levels of PKA, p38 MAPK, CREB, and AMPK in iBAT. The phosphorylated levels of PKA regulatory subunit RII␤ were unchanged in WT and Ucp1-KO after CA treatment, whereas a modest decrease was observed in Ucp1-KO compared with WT mice (Fig. 5A) . Accordingly, the phosphorylation of p38 MAPK protein levels was not affected by CA treatment in WT or Ucp1-KO (Fig.  5B) . A significant increase in CREB phosphorylation was observed in WT and WT ϩ CA compared with Ucp1-KO and Ucp1-KO ϩ CA (Fig. 5C) . Importantly, CA influenced phosphorylated levels of CREB in WT mice (Fig. 5C) . In addition, a slight increase in p-AMPK was observed in WT ϩ CA (Fig.   Fig. 1 . Cholic acid (CA) prevents diet-induced obesity in wild-type (WT) mice fed a high-fat diet (HFD). A-F: time course of changes in body weight (A), fat mass (FM; B), lean mass (LM; C), adiposity index (D), food intake (E), and total energy expenditure (TEE; F) of WT mice on a HFD and HFD with CA. G and H: glucose tolerance test (GTT; G) and area under the curve (AUC; H). Change in food intake is given as a change between 8 and 17 wk. Data are presented as means Ϯ SE. Differences between groups were analyzed by Student's t-test. *P Ͻ0.05, **P Ͻ 0.01, ***P Ͻ 0.001, and ****P Ͻ 0.0001; n ϭ 8.
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). Previous attempts at detecting changes in this signaling pathway in retroperitoneal fat of C57B6/J vs. A/J mice treated with cold also failed to detect meaningful correlations with the level of UCP1 (30) .
BAs and lipid and glucose metabolism. To further probe the effects of BAs and Ucp1 in the regulation of diet-induced obesity, we analyzed genes associated with BA, lipid, and glucose metabolism. CA administration significantly repressed cholesterol 7␣-hydroxylase (Cyp7a1) and sterol 12␣-hydroxylase (Cyp8b1) mRNA levels (the enzymes involved in BA synthesis; Fig. 6, A and B) . Ucp1-KO mice had higher Cyp7a1 and Cyp8b1 gene expression than WT mice (Fig. 6, A and B) . Consistent with the fibroblast growth factor (Fgf15) function as a negative regulator of hepatic Cyp7a1 (23), its expression in ileum was higher in CA-treated mice of WT and Ucp1-KO mice, which had low levels of Cyp7a1 and Cyp8b1 (Fig. 6C) . In addition, farnesoid X receptor (FXR) signaling constitutes a feedback regulatory mechanism for BAs synthesis. The increased hepatic Fxr gene expression in Ucp1-KO mice vs. WT and Ucp1-KO ϩ CA vs. WT ϩ CA mice corresponded to lower Cyp7a1 and Cyp8b1 gene expression (Fig. 6, A, B, and  D) . Interestingly, CA-treated WT mice had significantly reduced ileal Fxr mRNA levels compared with WT mice, which is associated with reduced obesity (BW and FM; Figs. 1, B and  C, and 6D) , as reported by Li et al. (18) . Consistent with changes in adiposity phenotype, a key regulator of fatty acid biosynthesis, the sterol response element-binding protein-1c (Srebp1c), was lower after CA treatment in WT (P Ͻ 0.01) but not Ucp1-KO mice (Fig. 6E) . In addition to Srebp1c, fatty acid synthase (Fasn) mRNA levels were also downregulated in WT ϩ CA vs. WT mice, but the changes did not reach statistical significance (Fig. 6F) . BAs also regulate hepatic glucose production via gluconeogenesis (32) . CA treatment decreased the hepatic expression of the glucose-6-phosphatase catalytic subunit (G6Pc) in WT and Ucp1-KO mice (Fig. 6G) . However, Ucp1-KO ϩ CA had slightly induced G6Pc mRNA levels compared with WT ϩ CA. We have found no changes in plasma levels of triacylglycerol, total cholesterol, HDL, and non-HDL fractions or alanine aminotransferase after CA treatment of either WT or Ucp1-KO mice compared with mice fed a HFD (Table 1) .
DISCUSSION
Dietary BAs have been shown to suppress the induction of adiposity in mice fed a HFD (27) . Based upon the phenotype of the Dio2-KO model, it was postulated that BAs reduced adiposity by activating thyroid hormone-dependent thermogenesis in iBAT. However, the characterization of the thermogenic mechanism of EE, presumably by UCP1-based thermogenesis, was inadequate. Most problematic is that the data and methods for determination of EE by indirect Fig. 2 . Effect of CA on the regulation of diet-induced obesity in WT and uncoupling protein 1 (Ucp1)-knockout (KO) mice at thermoneutrality. A-F: changes in body weight (A), FM (B), LM (C), adiposity index (D), food intake (E), and TEE (F) in WT, Ucp1-KO mice fed a HFD and WT, and Ucp1-KO mice fed HFD with CA after 9 wk on the diet. G and H: GTT (G) and AUC (H). Change in food intake is given as a change between 8 and 17 wk. Data are presented as means Ϯ SE. Differences between groups were analyzed by 2-way ANOVA with Bonferroni's multiple test. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, and ****P Ͻ 0.0001; n ϭ 8.
calorimetry could not provide valid measurements (6) . The problem with the data of Watanabe et al. (27) has been discussed by Teodoro et al. (24) , who, parenthetically, did not detect an increase in EE in mice fed BAs. Although Teodoro et al. (24) showed a robust induction of Ucp1 expression in mice treated with BAs, whole body EE, as determined by indirect calorimetry, was not increased in diet-induced obese mice treated with BA. This may mean that the magnitude of the increase in EE caused by iBAT nonshivering thermogenesis over a period of several weeks cannot be detected by indirect calorimetry but can be detected by the energy balance methodology of Ravussin et al. (21) . An additional question in the studies by both Watanabe et al. (27) and Teodoro et al. (24) comes from the lack of information on the ambient temperature in the former study, whereas the latter study was conducted at an ambient temperature of 20°C. Accordingly, does the EE/ thermogenic mechanism involve an interaction between the BAs, thyroid, and cold-activated adrenergic-mediated signaling pathways of thermogenesis?
It is crucial to realize that no specific thermogenic mechanism has been described for DIO2 or thyroid hormone in BAT, although isoforms of sarcoendoplasmic Ca 2ϩ -ATPase regulated by thyroid hormone are expressed in iBAT (25) . If it has a thermogenic function, it may be supportive like leptin and insulin but have no direct thermogenic mechanism like UCP1 in BAT or the Ca 2ϩ -cycling mechanism in skeletal muscle (2, 16) . This is illustrated with the Dio2-KO mouse, since this mouse has normal or even slightly elevated levels of Ucp1 and when exposed to the cold at 4°C for 24 h it loses about 1.5°C of body temperature in 24 h with no change in Ucp1 mRNA levels (9) . In contrast, the body temperature of Ucp1-KO mice decreases 10°C after 3 h of exposure (10) . Together with PGC-1␣ and PPAR␣, DIO2 is part of a group of transcription factors and signaling molecules that support Ucp1 regulation, but in their absence other factors can substitute (30) .
Although Watanabe et al. (27) clearly showed that dietary BAs reduce diet-induced obesity and that this suppression is lost in Dio2-KO mice, it is uncertain what thermogenic mechanism is responsible for the reduction in adiposity, because Ucp1 expression in Dio2-KO mice is not reduced. At TN, BAs are not able to suppress diet-induced obesity in Ucp1-KO mice despite the elevated expression of Dio2, indicating that in the absence of a functional Ucp1 gene, BAs are ineffective at reducing diet-induced obesity. Since EE is induced in WT mice upon treatment with BA and also in Ucp1-KO mice treated with BA, but much less so, it would be of value to identify other organ systems in which BA could stimulate thermogenesis. On the basis of reports that the TGR5 is expressed in white fat depots, we also assessed the induction of brown adipocytes in ING fat. Induction of Ucp1 mRNA levels at TN by BAs in ING fat is only 0.0045% of that present in iBAT. In contrast, induction of Ucp1 mRNA levels at TN by the ␤ 3 -adrenergic agonist CL-316243 in ING fat is 8% of that achieved in iBAT (15) . Thus, ING fat can respond to induction of Ucp1 by a ␤ 3 -adrenergic agonist, but there is no induction of Ucp1 by BAs. The treatment of human brown adipocytes with BAs, specifically CDCA, or TGR5 agonists showed significant enhancement of EE and BAT activity through the UCP1-dependent mechanism, an effect that was absent in WAT (5) . Some studies using Ucp1-KO mice have shown that there is no difference in diet-induced obesity at TN between WT and Ucp1-KO mice (10, 19) , whereas others have shown higher adiposity in the Ucp1-KO (11), the interpretation being that there is suppression of diet-induced obesity in WT mice with a capacity to induce Ucp1 expression, but not in the Ucp1-KO mice.
The mechanism described so far for Ucp1 regulation in brown adipocytes proceeds through the ␤ 3 -adrenergic receptor adenylyl cyclase, the PKA pathway, and activation of the CREB/p38 MAPK and ATF2/PGC1 pathway. BAs stimulate the same pathway, except that they bind to the TGR5 receptor rather the ␤-adrenergic receptors to initial signaling to induce the brown adipocyte phenotype (BAP). Accordingly, the administration of the ␤ 3 -adrenergic agonist to C57BL6/J mice housed at 29°C caused a modest induction of Ucp1 in iBAT, which is about 33% compared with control, and its induction in ING fat is very robust (15) . Notably, the effectiveness of BAs to stimulate Ucp1 at TN is comparable with the effect of ␤ 3 -adrenergic agonist, leading to a 35% increase in Ucp1 in iBAT. On the other hand, the slight induction of Ucp1 in ING fat by BAs was insignificant, amounting to 0.0045% of the level expressed in iBAT. Furthermore, the morphology of iBAT showed induction of BAP by BAs, whereas the morphology of ING fat shows no evidence of brown adipocytes, and the reduced adipocyte size in WT mice treated with BAs is consistent with the reduced systemic adiposity of these mice (Figs. 1D and 3B) . The significance of these data is that, together with the evidence for the elevation of Cyp7a1 and Cyp8b1 in Ucp1-KO mice, dietary BAs function as a mechanism for induction of thermogenesis that is independent of the sympathetic nervous system. In other words, this is a mechanism of diet-induced thermogenesis that might be independent of cold-activated thermogenesis.
The modulation of Ucp1 expression by the ␤ 3 -adrenergic receptor agonist, thyroid hormones, the AMPK system, and FGF21 treatment, has been shown to stimulate EE (3, 28) . Studies in humans and mice have indicated that FGF21 is a metabolic regulator of energy homeostasis, being expressed in multiple tissues (liver, muscle, pancreas, and adipose tissue) (1) . Furthermore, the induction of FGF21 concurrently with the cold activation of the thermogenic program in iBAT has been postulated to mediate the browning of white adipose tissue (12, 13, 17) . Obese mice treated pharmacologically with FGF21 have reduced BW with significantly increased EE and im- proved insulin tolerance (29) . The proposed mechanism underlying the weight-reducing effect of FGF21 involves the brain-BAT axis, in which FGF21 acts in the hypothalamus via ␤-Klotho and stimulates SNS signaling to iBAT thermogenesis (20) . In our study, we suggest that Fgf21 does not activate Ucp1 expression in iBAT in the absence of cold-induced sympathetic activity and does not increase thermogenic EE. This is in agreement with Samms et al. (22) , who reported significantly higher Fgf21 mRNA levels in iBAT of Ucp1-KO mice than WT mice without EE being increased. Furthermore, the pharmacological treatment with FGF21 of UCP1-deficient mice causes weight reduction to a level comparable with WT mice (22, 26) .
In summary, previous studies have shown that dietary BAs suppressed diet-induced obesity in WT mice at room temperature, but not in Dio2-KO mice. Since Ucp1 is still expressed in Dio2-KO mice, it was not clear which thermogenic pathway was activated by the BAs in iBAT (27) . This uncertainty was confounded by the fact that the study was performed at a temperature at which the SNS was still activated. Here, we , and glucose-6-phosphatase catalytic subunit (G6Pc; G) involved in fatty acid synthesis and gluconeogenesis. Data are given as means Ϯ SE. Data were statistically compared by 2-way ANOVA with Bonferroni's multiple test. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, and ****P Ͻ 0.0001; n ϭ 8. Data are presented as means Ϯ SE; n ϭ 5-6. HFD, high-fat diet; CA, cholic acid; WT, wild type; Ucpl, uncoupling protein 1; KO, knockout; TAG, triacylglycerol; TC, total cholesterol; ALT, alanine transaminase. Plasma levels of TAG, TC, HDL, and non-HDL are the difference between TC and HDL and ALT. Differences between groups were analyzed by 2-way ANOVA with Bonferroni's multiple test.
present evidence that at TN, CA suppressed the development of diet-induced obesity of WT mice but not of Ucp1-KO mice, establishing that Ucp1 expression is required for the weightreducing action of BAs. This action by BAs was confirmed by showing that the induction of Ucp1 mRNA and protein by BAs occurs in WT mice at TN. Accordingly, Ucp1 is essential for the anti-obesity effects of BAs through a mechanism that might be independent of cold-activated sympathetic activity.
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